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Julie Kubina1,†, Angèle Geldreich1,†, Jón Pol Gales1,†, Nicolas Baumberger1,
Clément Bouton1, Lyubov A. Ryabova 1, Klaus D. Grasser2, Mario Keller1 and
Maria Dimitrova 1,*
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ABSTRACT

In eukaryotes, the major nuclear export pathway for
mature mRNAs uses the dimeric receptor TAP/p15,
which is recruited to mRNAs via the multisubunit
TREX complex, comprising the THO core and dif-
ferent export adaptors. Viruses that replicate in the
nucleus adopt different strategies to hijack cellular
export factors and achieve cytoplasmic translation
of their mRNAs. No export receptors are known in
plants, but Arabidopsis TREX resembles the mam-
malian complex, with a conserved hexameric THO
core associated with ALY and UIEF proteins, as well
as UAP56 and MOS11. The latter protein is an ortho-
logue of mammalian CIP29. The nuclear export mech-
anism for viral mRNAs has not been described in
plants. To understand this process, we investigated
the export of mRNAs of the pararetrovirus CaMV in
Arabidopsis and demonstrated that it is inhibited in
plants deficient in ALY, MOS11 and/or TEX1. Defi-
ciency for these factors renders plants partially re-
sistant to CaMV infection. Two CaMV proteins, the
coat protein P4 and reverse transcriptase P5, are im-
portant for nuclear export. P4 and P5 interact and co-
localise in the nucleus with the cellular export factor
MOS11. The highly structured 5′ leader region of 35S
RNAs was identified as an export enhancing element
that interacts with ALY1, ALY3 and MOS11 in vitro.

GRAPHICAL ABSTRACT

INTRODUCTION

Nuclear mRNA export is central to gene expression and has
been extensively studied and documented for many years
in yeast and metazoa. To be efficiently exported transcripts
must undergo several maturation steps including capping
(1), splicing (2) and 3′ end formation (3). During this co-
transcriptional maturation, which (except for capping) oc-
curs in the nuclear perispeckles (2), maturation and export
factors are recruited to transcripts forming large messenger
ribonucleoproteins (mRNPs). These factors allow mRNPs
to dock with the nuclear basket of the nuclear pore com-
plex (NPC), transit the central channel and be released from
the cytoplasmic fibrils (4–6). The major transporter for
mRNPs is the protein heterodimer TAP/p15 (also known
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as NXF1/NXT1 in metazoa and Mex67/Mtr2 in yeast).
Although TAP can directly bind single stem-loop struc-
tures called constitutive transport elements (CTE) (7,8),
in the case of spliced mRNAs, TAP is recruited by adap-
tor proteins rather than by direct sequence-specific RNA
binding (5,9). A key player in mRNP biogenesis, matura-
tion and TAP/p15 recruitment is the transcription and ex-
port (TREX) complex. TREX is conserved across a wide
range of organisms (5). TREX-1 comprises a hexameric
core called THO (10) and some important additional pro-
teins such as the ALY adaptors (11) and their functional
homologues UIF (12), UAP56 (13) and CIP29 (14). ALY
and THO are rapidly recruited to nascent mRNAs by the
cap-binding complex (CBC) (15–17), which associates with
the 5′ cap. During splicing, exon junction complexes (EJCs)
are deposited on mRNAs and additional ALY copies are
then loaded upstream of the exon-exon junctions (18) or
transferred from the CBC (17). The DEAD-box RNA he-
licase UAP56, also considered a component of the EJC
(18), associates with both ALY and CIP29 in an ATP-
dependent manner (19). Finally, the TREX adaptor pro-
teins, and mostly ALY, together with the THO subcomplex,
act as a binding platform for the export receptor TAP (and
its associated p15 protein) (20), which directs the export-
competent mRNPs to the nuclear pore (21). UAP56 and
ALY are released before or during translocation through the
NPC (22).

Although splicing is essential for the nuclear export of
mature mRNAs, intronless or intron-retaining mRNAs can
also recruit TREX components and adaptors to load the
export transporters TAP/p15. In such cases the association
between the CBC and TREX complex is crucial (23), as is
probably the ability of the scanning spliceosomes to deposit
(with lower efficiency) EJC and mRNA export factors on
single-exon transcripts (17). Intronless mRNAs probably
use different strategies to attract TAP/p15: histone mRNAs
bind SR adaptor proteins that directly recruit TAP/p15
(24–26), whereas other intronless cellular mRNAs harbour
conserved cytoplasmic accumulation regions (CARs) that
interact with TREX components (27,28).

The nuclear export of mRNAs remains poorly studied
in plants, where only the composition of the Arabidopsis
TREX complex is well-described (29). With some minor dif-
ferences, the hexameric THO subcomplex resembles that of
metazoa (30). These differences may be important to allow
plants to export different RNA populations and to adapt to
changing environmental conditions. ALY adaptor proteins
(ALY1–4) are encoded by four genes that are ubiquitously
expressed in vegetative cells in Arabidopsis (31). All four
ALYs localise to the nucleus, interact with UAP56, and bind
to single and double-stranded RNA (32). Single and dou-
ble aly knockout plants do not exhibit visible phenotypes.
Quadruple aly1 aly2 aly3 aly4 mutants (4xaly) show defects
in growth, flowering and seed production, and a nuclear
accumulation of mRNAs, suggesting inefficient nuclear ex-
port of mRNAs (32). Two UIF-like proteins have also been
described in Arabidopsis: they bind to RNA and UAP56
and cooperate with ALY1–4 to mediate efficient nucleocy-
tosolic mRNA transport (33). The DEAD-box RNA heli-
case UAP56 is encoded by two adjacent genes in Arabidop-
sis. The resulting identical proteins interact with single and

double-stranded RNA, and with ALY and MOS11 proteins
(34). MOS11 is the Arabidopsis orthologue of CIP29, also
a nuclear protein; mos11 knockout plants show nuclear ac-
cumulation of mRNAs (35). The Arabidopsis genome does
not encode orthologues of TAP, the main mRNP trans-
porter that is loaded via interactions with ALY-like adaptor
proteins in yeast and metazoans. Plants may therefore use
different exportins to direct and transport mRNPs through
the nuclear pore (29).

Like all living organisms, yeast, plants and metazoa are
exposed to diverse viral infections. Many DNA and RNA
viruses with nuclear replication steps in their life cycles ex-
port viral mRNAs by hijacking the TAP/p15 pathway (36).
Herpesviruses, in which most mRNAs are intronless, have
evolved highly efficient mechanisms for their maturation
and export. They use a conserved multifunctional viral pro-
tein (ICP27 for herpes simplex virus 1 (HSV1) or its ho-
mologue ORF57 for herpes virus saimiri and Kaposi sar-
coma herpesvirus (KSHV), for example), which interacts
with both viral transcripts and cellular adaptors such as
ALY, UIF and CIP29, recruiting the whole TREX com-
plex and enhancing viral mRNA accumulation and export
(37–43). Simple retroviruses, such as Mason-Pfizer monkey
virus (MPMV) use highly structured CTEs on their mR-
NAs that directly bind TAP with high affinity (44). Hepati-
tis B (pararetro)virus (HBV) mRNAs also harbour a struc-
tured region named the posttranscriptional regulatory el-
ement (PRE), which is necessary for TREX recruitment
on intronless viral mRNAs and efficient expression of viral
proteins (45).

The paraphyletic group Pararetrovirus, whose members
replicate their circular double-stranded DNA genomes
by reverse transcription, not only includes the verte-
brate Hepadnaviridae family but also plant Caulimoviri-
dae. Caulimoviridae together with Geminiviridae, Nanoviri-
dae (both with circular single-stranded DNA genomes) and
Nucleorhabdoviruses (with single-stranded negative-sense
RNA genomes) induce synthesis of viral mRNAs in the nu-
clei of the infected plant cells. These mRNAs are then nec-
essarily exported into the cytoplasm to be translated and
to enable viral replication. In plants, the general mecha-
nism of the nuclear export of mRNAs is poorly charac-
terised. Moreover, nothing is known regarding how phy-
toviruses export viral mRNAs from the nucleus. To address
this question, we investigated the nuclear export of mRNAs
of Cauliflower mosaic virus (CaMV), the type member of the
family Caulimoviridae.

The CaMV replication cycle includes two main steps,
one in the nucleus and one in the cytoplasm: (a) Follow-
ing entry into the plant cell and disassembly of the cap-
sid proteins on the nuclear envelope (46), the viral dsDNA
is imported into the nucleus, where it associates with his-
tones to form a minichromosome that is used as a template
for transcription by the host DNA-dependent RNA poly-
merase II (Pol II). This produces a capped and polyadeny-
lated polycistronic pregenomic 35S RNA (pgRNA) which
comprises the complete genome and encodes six major
proteins (P1 to P6). Pol II transcription also produces a
monocistronic subgenomic 19S RNA encoding a single pro-
tein, P6 (47). Although splicing rarely occurs for plant
viruses, about 70% of the total CaMV 35S RNA undergoes
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alternative splicing, which generates four spliced isoforms
and involves four splice donor sites and a single splice ac-
ceptor site (48). Alternative splicing appears to be a con-
served and complex phenomenon since upon inactivation
of splice sites by mutagenesis it is rescued by the activation
of numerous cryptic splice donor and acceptor sites, high-
lighting the key role of this process in CaMV biology (49).
(b) All these different mRNA isoforms are then exported to
the cytoplasm, where their translation and the reverse tran-
scription of pgRNA occur. The six viral proteins are as fol-
lows: the P1 movement protein; the P2 aphid transmission
factor; the P3 capsid-associated protein; the P4 coat protein;
the P5 polyprotein homologous to the retrovirus Pol protein
which harbours a C-terminal reverse transcriptase/RNase
H and an N-terminal aspartic proteinase that is released
by self-cleavage (50); the multifunctional P6 protein which
triggers, among others, the transactivation of polycistronic
35S RNA translation (51) and the formation of numerous
electron-dense inclusion bodies also known as viral facto-
ries (47). The newly synthesised dsDNA is packaged into
the virions to move from cell to cell and be transmitted from
plant to plant.

In this study, we provide the first description of the nu-
clear export of mRNAs of a plant virus, CaMV. Our data
demonstrate that CaMV exports its 35S polycistronic mR-
NAs using the TREX export complex, and that MOS11,
the adaptor protein ALY and the THO component TEX1
are required for efficient 35S mRNA export in Arabidop-
sis. We also show that the viral capsid protein P4 and the
reverse transcriptase P5 are important for viral mRNA ex-
port, that they both interact with MOS11 in vitro and in pro-
toplasts, and that they both co-localise with this export fac-
tor in the nucleus. We provide evidence that the highly struc-
tured 5′ untranslated region (5′ UTR) of the 35S RNAs, also
called the leader region, acts as an export enhancing ele-
ment, which can load ALY1, ALY3 and MOS11 proteins in
vitro.

MATERIALS AND METHODS

Plant material and growth

For virus infection (CaMV or TuMV) Arabidopsis (Ara-
bidopsis thaliana) Col-0 was grown on soil in a growth
chamber, with 12 h photoperiod at 22◦C and 12 h dark at
18◦C, while for protoplast preparation, plants were grown
on MS medium (52). In the latter case, after sowing, seeds
were stratified in darkness for at least 24h at 4◦C prior to in-
cubation in the plant growth chamber under long-day con-
ditions (16h photoperiod at 22◦C, 8 h dark at 18◦C) for 10
± 2 days.

The CA-rop2 mutant was described in (53) and kindly
provided by Z. Yang. Seeds of the mos11-2 T-DNA inser-
tion line (SAIL 266 E03) (35) were obtained from the Ara-
bidopsis Biological Resource Center (ABRC) and charac-
terized by PCR-based genotyping to distinguish between
plants that are heterozygous or homozygous for the T-DNA
insertion. PCR was performed on genomic DNA isolated
from leaves, using the ABRC recommended primers spe-
cific for the T-DNA insertion and the target gene mos11
(data not shown). Arabidopsis double mutant tex1 mos11
was described in (54) while double mutants aly1 aly2 and

aly3 aly4, and quadruple aly1 aly2 aly3 aly4 mutant (4xaly)
were characterised in (32).

Viruses and host inoculation

All CaMV experiments were performed with the Cabb B-JI
isolate (John Innes Institute, Norwich, GB), by mechanical
inoculation of young rosette stage (4-leaf) plants with infec-
tious Arabidopsis sap. TuMV-GFP (UKI isolate) (55) infec-
tious sap from Brassica napus cv. Drakkar, was provided by
Manfred Heinlein and inoculated in the same manner.

Plasmids

Details of the plasmid constructs are given in the Supple-
mentary Data at NAR online.

Analysis of CaMV proteins and genomic DNA in infected
Arabidopsis plants

Details are given in the Supplementary Data at NAR online.

Arabidopsis protoplast isolation and transfection

Protoplasts were isolated as described by (56) and adapted
by Bouton (49). Briefly, 10-day-old in vitro grown Arabidop-
sis seedlings were finely chopped and incubated overnight,
at 26◦C under gentle shaking (50 rpm) in 25 ml enzyme so-
lution (20 mM MES pH 7.5 – 0.4 M mannitol – 20 mM KCl
– 10 mM CaCl2 – 1.5% cellulase R10 – 0.4% macerozyme
R10). The digestion medium was then filtrated to eliminate
leaf debris, washed in 20 ml 2 mM MES pH 5.7 – 154 mM
NaCl – 125 mM CaCl2 – 5 mM KCl solution and gen-
tly centrifuged to remove enzymes, and protoplasts were
finally suspended in 4 mM MES pH 5.7 – 0.4 M manni-
tol – 15 mM MgCl2 medium, counted and adjusted to 106

protoplasts/ml.
Transfection was performed as described by (56) with

modifications: 300 �l protoplasts were mixed with 300 �l
2 mM MES pH 5.7 – 0.2 M mannitol - 30% PEG4000 – 100
�M CaCl2 - DNA transfection solution (10 �g expression
plasmid and 10 �g carrier plasmid) and incubated during 15
min at room temperature. Transfection was stopped with 1
ml 2 mM MES pH 5.7 - 154 mM NaCl – 125 mM CaCl2 – 5
mM KCl solution; protoplasts were centrifuged, suspended
in 1 ml 4 mM MES pH 5.7 – 0.2 mannitol – 20 mM KCl
and incubated for 20 to 26h in the dark at 23◦C. The ra-
tio of transfected fluorescent protoplasts, expressing EGFP
and/or mRFP, was estimated on Axio Zoom V.16 micro-
scope (Zeiss) at 10-fold magnification and excitation at 488
nm (EGFP), 561 nm (mRFP) and 660 nm (chlorophyll).

Subcellular fractionation of transfected Arabidopsis proto-
plasts

The transfected protoplasts were centrifuged 5 min at 100
× g, cell pellets were suspended in 100 �l hypotonic buffer
(10 mM Tris–HCl pH 7.5, 10 mM NaCl, 0.3% NP-40) and
centrifuged again 10 min at 5000 × g. 90 �l of supernatants
(cytoplasmic fractions) were harvested and pellets (nuclear
fractions) washed 3 times in hypotonic buffer and finally
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suspended in 90 �l hypotonic buffer. Total fractions are pre-
pared by suspending the protoplasts in 100 �l hypotonic
buffer. Purity of the fractions was determined by western
blot detection of nuclear histone H3 and cytoplasmic UDP-
glucose pyrophosphorylase 1 (UGPase).

RNA extraction and analysis by real time RT-PCR

RNAs were extracted from total, cytoplasmic and nuclear
fractions with TRI-Reagent (Sigma), applied on Phase-
maker columns (Invitrogen), according to the manufac-
turer’s instructions, and finally suspended in RNase-free
water. RNAs were further treated with TURBO DNase (In-
vitrogen) for 30 min at 37◦C and analysed by PCR to mon-
itor digestion efficiency. cDNAs were synthesised using the
same amounts of RNAs for all samples with SuperScript IV
and in presence of Oligo(dT)20 Primers and Random Hex-
amers, according to the manufacturer’s instructions (Invit-
rogen).

CaMV 35S RNAs in total, cytoplasmic and nuclear frac-
tions were quantified through their respective cDNAs, di-
luted to 1/20, with LightCycler™ 480 SYBR Green I Mas-
ter (Roche Life Science), and 35S RNA specific primers,
targeting ether the P5 coding sequence: TATAGCCCAA
TGGATCGTGA (FW) and CTTCTCGGCTTCATTGTT
GA (REV), producing a 126 bp amplicon (nt 4387–4493
of 35S RNA), or the P4 coding sequence, (during the P5
complementation assays): CGGTTCTGGTATAATCTG
(FW) and TCTTCGGTAGTTGTCATA (REV), produc-
ing a 161 bp amplicon (nt 2831–2991 of 35S RNA). Nor-
malisation was performed to a set of four mRNAs of cel-
lular housekeeping genes (TIP41 (AT4G34270), GAPDH
(AT3G04120.1), ACTINE 2 (AT3G18780) and SAND
(AT2G28390)). Besides them, Ct values were also normal-
ized to those of GFP and/or mRFP as indicators of the
transfection efficiencies.

The quantification of four cellular mRNAs in Ara-
bidopsis WT and export mutants mos11, aly1 aly2, aly3
aly4 and 4xaly was performed by RT-PCR with the
following primers: (1) AGGTGTGGCAAGCACTTTTG
(FW) and TTCGACAAAGCGAGGCAAAC (REV) for
TOR (AT1G50030); (2) AAAGGCCAAGGAAGAAGC
AG (FW) and TGCTTGTTCGATGCATGCAC (REV)
for RISP (AT5G61200); (3) TTGGCGGTAATGTGGC
TTTG (FW) and TTTCGCTGGCTTTACCTTCG (REV)
for CHUP1 (AT3G25690) and (4) AGTTCAGGATTC
CGGCAAAC (FW) and ATCCAGTTTTCACGCCGT
TC (REV) for PDLP1 (AT5G43980).

Protein purification

Details are given in the Supplementary Data at NAR online.

GST pull-down assays

Using plasmids pGEX-6P1, GST and GST-MOS11 were
expressed in Escherichia coli BL21 (DE3) and affinity cap-
tured on glutathione sepharose 4B (GE Healthcare) as de-
scribed by (57). Briefly, after 4h IPTG induction at 20◦C,
500 ml bacterial cultures were harvested, suspended in 30
ml 50 mM Tris–HCl pH 7.5 – 1 M NaCl – 2 mM DTT – 0.1

mM EDTA – 0.5% NP-40 – Protease Inhibitors (Roche) –
10 U RQ1 RNase-free DNase (Promega Corporation), and
lysed by sonication. Soluble protein fractions, obtained af-
ter centrifugation, were incubated over night with 500 �l
of 50% slurry of glutathione sepharose beads and washed 3
times with the same buffer at 150 mM NaCl. Protein cap-
ture on beads was analysed by SDS-PAGE and Coomassie
Blue staining.

P3, P4, P5 and its truncated versions were in vitro
transcribed from the T7 promoter present in pGADT7
(Clontech) and translated in the presence of 10 �Ci 35S-
methionone in TnT T7 Coupled Reticulocyte Lysate Sys-
tem (Promega Corporation), according to the manufac-
turer’s instructions.

For in vitro binding analyses, 50 �l of GST or GST-
MOS11 proteins on glutathione- Sepharose 4B beads (50%
slurry) were incubated on a rotating device with 10 �l of
each in vitro synthesized CaMV protein in a final volume of
200 �l. The beads were then washed three times, pelleted at
500 × g for 5 min, and boiled in SDS-PAGE sample buffer.
GST and GST-MOS11 bound and unbound fractions were
analysed by SDS-PAGE and autoradiography.

For EMSA, affinity-bound GST-MOS11 was eluted by
10 �g GST-coupled PreScission Protease (produced and
provided by Nicolas Baumberger) during 2 × 16 h at 4◦C.
Cleaved MOS11 was harvested in the supernatants after 5
min centrifugation at 500 × g at 4◦C.

Co-immunoprecipitation assays

EGFP-P4 or EGFP-P5 and MOS11-mRFP co-transfected
protoplasts were incubated in the dark for 20h at 23◦C. The
co-transfected protoplasts were next pelleted at 1000 × g
for 5 min and lysed for 15 min at 4◦C, as described by (58)
(Tris–HCl 50mM, pH7.5 – NaCl 150 mM – EDTA 5 mM
– DTT 1mM – Triton X-100 1% – Complete Protease In-
hibitors, Roche). Cellular debris were then removed by cen-
trifugation for 5 min at 1000 × g 4◦C and the supernatants
were incubated with 7 �l anti-EGFP-coated magnetic beads
(kindly prepared and provided by Quentin Chevalier &
Vianney Poignavent) on a rotating device for 16h at 4◦C.
Protein capture on the beads was analysed by SDS-PAGE
and immunoblotting with rabbit polyclonal anti-EGFP (59)
and mouse monoclonal anti-mRFP (Sigma Aldrich, SAB-
2702214).

Fluorescence localisation analysis

Fluorescent Arabidopsis protoplasts, transfected with ex-
pression plasmids coding for EGFP, mRFP and/or proteins
fused with these fluorescent proteins, were observed at 63-
fold magnification between a polylysine slide and cover slip,
with a silicone spacer in-between, on a Zeiss LSM780 con-
focal microscope (Jena, Germany). EGFP and mRFP were
viewed by excitation, respectively, at 488 nm and 561 nm,
with an argon laser using an appropriate emission filter to
collect the green or red signal from the optical section.

EMSA

L-VII and I-II RNAs were in vitro produced by T7
RNA Polymerase (Thermo Scientific) from 1 �g BamHI
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linearized Litmus28i, according to the manufacturer’s in-
structions and in presence of 20 �Ci [�-32P]-UTP. Radio-
labelled RNAs were purified by acidic phenol/chloroform
treatment and isopropanol precipitation, and suspended in
50 �l RNase-free water with 20 U Ribolock RNase In-
hibitor (Thermo Scientific).

Two �l (≈5000 cpm) radiolabeled RNAs were incu-
bated for 60 min at 25◦C with increasing amounts (0–20
�M) of purified ALY1-GB1-His6, His6-GB1-ALY3, His6-
GB1-EGFP or MOS11, in a final volume of 20 �l pro-
tein storage buffer. Four �l non-denaturing loading buffer
6× (30% (v/v) glycerol–0.3% bromophenol blue–0.3% xy-
lene cyanol) were then added and protein–RNA complexes
were analysed by non-denaturing 45 min gel electrophore-
sis at 100 V (TBE 0.5×, pH 10.5–4% (v/v) acrylamide-
bisacrylamide (37.5:1)–4% glycerol (v/v)), with a 30 min
pre-equilibration run at 100 V in TBE 0.5 (pH 10.5), and
subsequent analysis by Amersham Typhoon Biomolecular
Imager.

Luciferase assays

Fifty �l of Arabidopsis protoplast suspensions transfected
in triplicate with the luciferase reporter constructs Litmus-
mRFP-35S-Luc were incubated for 10 min with 50 �l
Promega Bright-Glo™ Reagent (Promega). The luciferase
activities were measured in duplicate in a BMG LABTECH
FLUOstar® Omega plate reader, averaged and normalised
to the mRFP fluorescence levels, which acted as a transfec-
tion rate control.

RESULTS

Assessment of nuclear export of CaMV 35S RNAs in Ara-
bidopsis WT and CA-rop2 protoplasts

To measure the 35S RNA nuclear export, we set up a pro-
toplast transfection assay. Protoplasts were prepared from
WT Arabidopsis seedlings and transfected with the 14 kbp
pCaMV-GFP plasmid (60) containing an infectious CaMV
genome controlled by the 35S promoter and a reporter GFP
in a separate expression cassette for monitoring transfec-
tion efficiency. The detection of the different viral proteins
and the newly synthesised and encapsidated viral DNA sug-
gested that the time required for one round of replication of
CaMV in transfected protoplasts is about 21 h (60).

The transfection efficiency of the 14 kbp viral genome
encoding plasmid in WT Arabidopsis protoplasts was not
always sufficiently high to allow accurate quantification
of CaMV RNAs by real-time RT-PCR. Conversely, Ara-
bidopsis CA-rop2 protoplasts were systematically and re-
producibly transfected with high efficiency with pCaMV-
GFP. CA-rop2 Arabidopsis express the constitutively active
GTPase ROP2 (Rho-related GTPase from plants) which is
closely associated with the plasma membrane (61) and was
shown to control multiple developmental processes such as
seed dormancy, shoot apical dominance and lateral root ini-
tiation (53).

To exclude the possibility that the active ROP2 GTPase
influences the nuclear export of viral mRNAs, we compared
CaMV 35S RNA nuclear export in WT and CA-rop2 proto-
plasts. At 20 hours post-transfection (hpt), RNAs were iso-

Figure 1. Total 35S RNA accumulation and nucleocytoplasmic partition-
ing are similar in WT and CA-rop2 protoplasts. Leaf mesophyll protoplasts
were prepared from 10-day-old WT and CA-rop2 Arabidopsis seedlings
and transfected with 10 �g pCaMV-GFP. Twenty to 26 hpt, the relative
levels of 35S mRNAs were quantified in total (A), or nuclear and cyto-
plasmic fractions (B) by P5-specific real-time RT-PCR and normalised to
a set of four cellular housekeeping genes and to GFP (as transfection indi-
cator). Three independent experiments were performed in triplicate, each
with three technical replicates. The results are expressed as the mean fold
change ± SEM of the total 35S RNAs (A), or of the 35S RNA cytoplasmic-
to-nuclear ratios (C/N) (B). Significance was tested with a Student’s un-
paired two-sample t-test (ns, not significant, P > 0.05). The purity of frac-
tions was assessed by analysing cytoplasmic marker protein UDP-glucose
pyrophosphorylase 1 (UGPase) and nuclear histone H3 by western blot-
ting (C). Detection of EGFP acted as a loading control (LC).

lated from the total and enriched cytoplasmic and nuclear
fractions (Figure 1C), and quantified by RT-qPCR using
primers targeting the P5 coding region present on all 35S
RNA isoforms. As shown, no significant difference was ob-
served in the accumulation of the total 35S RNAs (Figure
1A), or their nucleocytoplasmic partitioning (Figure 1B) in
WT and CA-rop2 protoplasts. These findings suggest that
the nuclear export of mRNAs (viral and cellular, since the
Ct values of the set of common housekeeping gene mRNAs
used for normalisation also remained unchanged) is not af-
fected in CA-rop2 protoplasts.

To investigate whether not only CaMV mRNA nuclear
export but also infection by CaMV occurs similarly in WT
and CA-rop2 plants, we inoculated 30 Arabidopsis plants
(WT or CA-rop2) mechanically with CaMV. As shown in
Supplementary Figure S1, after a short delay in the infec-
tion kinetics (8.3% of systemic WT versus 0% of CA-rop2
at 14 days post-infection (dpi)), the two plant types be-
came systemically infected at day 17 up to day 40 (97% sys-
temic WT and 99% CA-rop2 symptomatic plants) (Supple-
mentary Figure S1A). They displayed the same symptoms
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(typical vein-clearing and leaf-crinkling also visible on the
characteristic pointed and serrated CA-rop2 leaves) (Sup-
plementary Figure S1B) and the same accumulation of viral
proteins and genomic DNA (Supplementary Figure S1B).
Viral proteins and DNA were detected only in symptomatic
(S) but not in asymptomatic (A) or mock-inoculated (M)
plants.

Based on the results described above, we used both WT
and CA-rop2 Arabidopsis protoplasts as controls in the fol-
lowing nuclear export experiments.

Arabidopsis TREX components TEX1, MOS11 and ALYs
are required for nuclear export of CaMV 35S RNAs

Compared to WT Arabidopsis, homozygous mos11, tex1
mos11 and 4xaly export mutants display significant nu-
clear accumulation of cellular poly(A) RNAs, indicative of
mRNA export defects (32,35,54). Therefore, we analysed
the nuclear export of CaMV 35S RNAs in transfected pro-
toplasts from the above mentioned mutants and in two ad-
ditional ALY double mutants, aly1 aly2 and aly3 aly4 (32).
A major difficulty was the low transfection efficiency of al-
most all TREX mutant protoplasts, and the fact that the
nuclear export of the five reference mRNAs that we use
for normalisation (4 cellular and the transfection indicator
GFP) was significantly altered in the quadruple 4xaly mu-
tant. Therefore, Cts of 35S RNAs in 4xaly nuclear and cyto-
plasmic fractions were normalised to the averaged value of
all reference Cts measured in WT, CA-rop2 and in the sin-
gle and double mutants. In MOS11- but not TEX1-deficient
cells, the cytoplasmic-to-nuclear ratio was reduced by half,
indicating a nuclear accumulation of 35S RNAs and hence
an inhibition of the nuclear export (Figure 2A). This inhibi-
tion was increased in the double mutant mos11 tex1 (Figure
2A) and also in the ALY double mutants aly1 aly2 and aly3
aly4, and especially in the quadruple 4xaly mutant (Figure
2B). The aly3 aly4 and 4xaly mutants displayed almost the
same level of retention of nuclear 35S RNAs, which was
higher than in aly1 aly2 suggesting that ALY3 and ALY4
are more important for the export of viral mRNAs.

We also investigated whether the accumulation of the to-
tal 35S RNAs was affected in the export mutants. As shown
in Figure 2C and D, although the viral RNA levels appear
increased in mos11 and mos11/tex1, these differences are
not statistically significant, indicating that the TREX ex-
port mutants have, if anything, an extremely limited effect
on primary viral transcription.

Together, our data establish the essential contribution of
the TREX export complex to the nuclear export of CaMV
35S RNAs.

TREX component-deficient plants are partially resistant to
CaMV infection

To test whether the export inhibition of CaMV 35S RNAs
observed in the Arabidopsis TREX mutants affects the viral
life cycle, we studied the susceptibility to viral infection of
the same TREX-deficient plants. Symptoms and virus repli-
cation kinetics (Figure 3 and Supplementary Figure S2) in
30 mechanically inoculated WT or mutant plants were com-
pared in at least three independent experiments. In agree-

ment with Sørensen et al. (54), and Pfaff et al. (32) we no-
ticed that control mos11, double tex1 mos11 and especially
quadruple 4xaly mutants exhibited severe phenotypic de-
fects, with reduced leaf size and rosette diameter and elon-
gated hypocotyls at the seedling stage (Figure 3).

In all infection experiments, the first systemic WT and
tex1 Arabidopsis were observed at 14 dpi whereas mos11
and tex1 mos11 plants displayed a 3-day delay: at 17 dpi
only approximately 5% of the plants were systemic versus
36% in WT and 46% in tex1. Approximately 13% (mos11)
and 16% (tex1 mos1) became systemic at 19 dpi when 58%
of the WT and 73% of the tex1 were already symptomatic
(Figure 3A). At 26 dpi the WT/mos11 and WT/tex1 mos11
ratios were, respectively, 87%/35% and 87%/28%; they were
94%/48% and 94%/32% at 30 dpi and reached 99%/62%
and 99%/49% at 40 dpi. As shown in Supplementary Fig-
ure S2A and B, viral proteins and genomic DNA were de-
tected only in symptomatic but not in asymptomatic or
mock-inoculated WT, mos11 and tex1 mos11 plants. Sim-
ilar observations were made for the tex1 mutant (data not
shown). Our results show that when the nuclear export of
viral mRNAs is reduced at least twofold due to the ab-
sence of MOS11 or of MOS11 and TEX1 (Figure 2A), the
replication cycle of CaMV is blocked in half the inoculated
plants, suggesting the importance of these components of
the TREX complex for the nuclear export of viral mR-
NAs and the outcome of CaMV infection. Interestingly, al-
though 35S RNA nuclear export is less efficient in the tex1
mos11 double mutant (Figure 2A), the viral life cycle is not
more severely affected in tex1 mos11 than in mos11 (Figure
3A).

The situation was different for the ALY adaptor mutants
(Figure 3B). Compared to WT, aly1 aly2 and aly3 aly4 dou-
ble mutants showed no delay in symptom appearance (at
14 dpi). However, the aly1 aly2 double mutant reproducibly
showed lower infection levels at 17 and 19 dpi. Infection by
CaMV was severely inhibited in the 4xaly quadruple mu-
tant (Figure 3B), with only 20% of systemically infected
plants at 40 dpi versus 92% for the WT. Among all TREX-
deficient mutants, 4xaly exhibited the most severe inhibition
of the nuclear export of CaMV mRNAs (Figure 2B). There-
fore, it is unsurprising that this significant nuclear retention
of viral mRNAs blocked the viral life cycle in most of the
inoculated plants.

Considering that the nuclear export of 35S RNAs was
also strongly inhibited in aly1 aly2 and aly3 aly4 double mu-
tants, although to a lesser extent than in 4xaly (Figure 2B),
one might expect that both double mutants would be less
susceptible to CaMV infection. However, our results show
that this is not the case, suggesting that the inhibition of vi-
ral infection in 4xaly might be due not only to impaired viral
mRNA export from the nucleus but also to a general nuclear
retention of cellular mRNAs (as observed for housekeeping
genes) some of which might encode host factors important
for the virus.

To confirm that the partial resistance of TREX mutant
Arabidopsis to CaMV infection was mainly due to the im-
pairment of nuclear export of viral mRNAs, we first ex-
amined the susceptibility of the same TREX complex mu-
tants to turnip mosaic virus (TuMV), a Potyvirus with
single-stranded positive-sense RNA genome and a strictly
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Figure 2. Nuclear export of 35S RNAs is inhibited in TREX export mutants. WT/CA-rop2, tex1, mos11, tex1 mos11, aly1 aly2, aly3 aly4 and 4xaly
protoplasts were transfected with pCaMV-GFP. At 20 hpt, the cytoplasmic-to-nuclear ratios (A, B) or the total levels (C, D) of 35S mRNAs were determined
as described in Figure 1. Cts of the cellular reference genes and of GFP, measured in WT protoplasts and the single and double mutants were averaged and
used for normalisation in 4xaly. Three independent experiments were performed in triplicate. The results are expressed as the mean fold change ± SEM.
Significance was tested with a Student’s unpaired two-sample t-test (ns, not significant, P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001).

cytoplasmic replication cycle (62). For this, we used a re-
combinant TuMV encoding a GFP tag (TuMV-GFP) (55),
the expression of which is easily followed under UV light
and reflects viral replication. As shown in Supplementary
Figure S3, most TuMV-GFP infections were detected at 7
dpi indifferently on WT and mutant plants. TuMV-GFP in-
fection spread more rapidly than that of CaMV, because the
maximal number of systemic plants was reached at 10 dpi
for almost all WT or mutant Arabidopsis (Supplementary
Figure S3).

Additionally, no significant differences were recorded in
the ratios of infected plants between WT and the six as-
sessed single, double and quadruple mutants (Supplemen-
tary Figure S3). Our results show that the TuMV-GFP repli-
cation cycle was affected in none of the TREX mutants that
we tested, which is unsurprising considering that all viral
RNAs here are synthesised in the cytoplasm and do not re-
quire nuclear export. However, these observations also sug-

gest that even in the strongest export mutant, 4xaly, the cel-
lular mRNAs encoding host factors essential for TuMV can
still be exported from the nucleus, possibly via the ALY ana-
logue UIFs (33) or shuttling SR proteins that act as export
adaptors in other organisms (5).

Finally, we also investigated in WT and TREX mutant
Arabidopsis protoplasts, transfected with pCaMV-GFP, the
nuclear export of four cellular mRNAs coding proteins that
are either essential or important for the CaMV life cycle. We
focused on three proteins that interact with the viral protein
P6: TOR, whose partial depletion makes Arabidopsis resis-
tant to CaMV (63); RISP, for which disruption of one of the
two encoding genes is responsible for delayed symptom ap-
pearance and viral protein accumulation (64) and CHUP1,
silencing of which results in a delay of CaMV lesion forma-
tion (65). We also analysed a protein that interacts with the
viral protein P1: PDLP1, whose genetic disruption delays
CaMV systemic invasion and causes milder symptoms (66).
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Figure 3. TREX-deficient plants are partially resistant to CaMV. (A) 30 WT, tex1, mos11 and tex1 mos11 plants and (B) WT, aly1 aly2, aly3 aly4 and
4xaly plants were mechanically inoculated with CaMV crude extract and monitored for symptoms. The results are means of at least three independent
experiments ± SEM. Significance was tested with a Student’s unpaired two-sample t-test (ns, not significant, P > 0.05, * P < 0.05, ** P < 0.01, *** P <

0.001). Representative mock- or CaMV-inoculated systemic plants with enlargement of a symptomatic leaf (on the right bottom) are shown below the
corresponding histograms.
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As shown in Supplementary Figure S4, despite of the dif-
ferences observed in the three different experiments neither
the total amounts of the above-mentioned cellular mRNAs
nor their nuclear export were significantly modified in the
TREX mutants compared to WT Arabidopsis, suggesting
that the partial resistance of these mutant plants to CaMV
infection is not due to the disrupted export of these cellular
mRNAs required for the viral life cycle.

CaMV 35S RNA nuclear export depends at least on the ex-
pression of viral protein P5

To determine whether CaMV proteins are involved in the
nuclear export of viral mRNAs, we mutagenised the CaMV
35S RNA-encoding plasmid (pCaMV-GFP) by creating
two STOP codons in the P6 coding sequence, at positions
9 and 15. In the absence of P6, synthesised from the mono-
cistronic 19S RNA, translation reinitiation on the poly-
cistronic 35S RNA is completely abolished, and no viral
protein can be expressed (67–70). We generated two addi-
tional mutant genomes: the pCaMV-P5/P6 STOP double
mutant, in which the AUG codon at position 17 in the P5
coding sequence was also replaced by a STOP codon, and
the pCaMV-P5 STOP single mutant, in which only the ex-
pression of P5 was abolished.

These plasmids were then transfected into WT/CA-rop2
protoplasts, and the total, cytoplasmic and nuclear 35S
RNAs were quantified at 20 hpt (Figure 4A). The absence
of viral protein expression for the P6 STOP mutants was
controlled by western blotting (Figure 4C) showing that the
P4 capsid protein was detected only for pCaMV-P5 STOP
and pCaMV (lanes 4 and 1) but not for pCaMV-P6 STOP
(lane 2) or pCaMV-P5/P6 STOP (lane 3). As monitored in
Figure 4A, in the absence of all viral proteins expression,
nuclear export was strongly inhibited (pCaMV-P6 STOP,
bar 2, and pCaMV-P5/P6 STOP, bar 3). An identical re-
sult was obtained when only the protease/reverse tran-
scriptase P5, was not expressed (pCaMV-P5 STOP, bar 4),
suggesting that P5 may act as a viral-specific adaptor in
the nuclear export of 35S RNA. We next assessed by co-
transfection experiments (Figure 4A), whether a P5 pro-
tein expressed in trans could restore the nuclear export and
demonstrated that only a 78 kDa myc-tagged full-length
protein (myc-P5 FL, bar 6 and lane 6 in Figure 4C), but
neither the Nt protease domain (P5 PR, bar 7) nor the re-
verse transcriptase/RNase H domain (P5 RTRH, bar 8)
could complement the missing viral export factor. The to-
tal amounts of 35S RNAs were not significantly different
under the eight transfection and co-transfection conditions
as determined by RT-qPCR with P4-specific primers, which
anneal to 35S RNAs but not to the co-transfected comple-
menting P5-encoding plasmids (Figure 4B). This observa-
tion suggests that the inhibition or complementation of the
nuclear export of 35S RNAs, in the absence or presence of
P5, respectively, is not due to a different RNA accumulation
level.

TREX component MOS11 interacts with CaMV proteins P4
and P5

During the viral replication cycle, P5 is synthesised as an
inactive 78 kDa polyprotein precursor, which progressively

accumulates in the viral factories. P5 is activated there by
self-cleavage by its Nt protease domain to generate a 20–
22 kDa aspartic protease (PR) and a 56–58 kDa reverse
transcriptase/RNase H (RTRH) (50,60,71). We therefore
produced by in vitro translation (Figure 5A) radiolabelled
full-length P5 (FL) and, according to Torruella et al. (50),
its different functional domains: PR, RT, RH and RT/RH
(RR). We also included viral proteins P3 (15 kDa) and P4
(56 kDa) and firefly luciferase (Luc, ca. 60 kDa) as con-
trols. Under these in vitro translation conditions, P5 FL
was mainly synthesised as an uncleaved polyprotein precur-
sor, since only a ≈ 78 kDa product was detected upon au-
toradiography (Figure 5A, P5 FL). Larger amounts of the
P5 FL (and P4) proteins synthesised in vitro and a longer
exposure time (Supplementary Figure S5A, left panel) al-
low several bands of lower intensity and molecular weights
to be distinguished. These could correspond to degrada-
tion products, incomplete polypeptides or other proteins
endogenously produced in the rabbit reticulocyte lysates.
For P5, two of these bands, indicated by asterisks (Supple-
mentary Figure S5A, left panel), co-migrate with the RT
and PR domains and could correspond to peptides cleaved
by the viral PR.

The P4 capsid protein is also synthesised during viral in-
fection as a 56 kDa precursor (pre-CP), partially processed
during morphogenesis in the viral factories by the virus-
encoded PR into four subspecies: p42, p39, p37 and p35,
all of them lacking the Nt and/or Ct domains of pre-CP
and produced in variable amounts depending on the virus
preparation (46,72–74). As observed (Figure 5A), in vitro
synthesised P4 almost co-migrates with 78 kDa P5 FL and
might correspond rather to incompletely denatured dimers
of the FL precursor (72,73) or to abnormally migrating
monomers. We cannot exclude the possibility that this band
represents dimers of shorter P4 proteins, synthesised either
by initiation with an internal AUG codon or by premature
translation arrest. The P4 proteins were detected using spe-
cific polyclonal antibodies, but not in the P3 and P5 trans-
lation reactions (Figure 5A, bottom).

To determine whether the viral proteins or domains pro-
duced in vitro interact with components of the TREX com-
plex, we performed GST pull-down assays (Figure 5C–F)
with bead-bound GST or GST-MOS11 (Figure 5B). The
viral and control proteins were mostly present in the GST
unbound fraction (Figure 5C) except for the RT and RH
domains of P5, for which a faint signal was also detected
bound to GST (Figure 5E). Luciferase control and P3 were
both found exclusively in the GST-MOS11 unbound frac-
tion, whereas P5 PR and RH domains were almost equally
bound and unbound (Figure 5D, F), indicating a weak
association under our assay conditions (150 mM NaCl).
P4, P5 FL, P5 RT and P5 RR were enriched in the GST-
MOS11-bound fraction, demonstrating that they interact
with MOS11 (Figure 5F).

In the GST-MOS11-bound fraction, we detected two
forms of ‘full-length’ P5: the ca. 78 kDa translation prod-
uct, corresponding to the P5 FL input (Figure 5A, FL),
and a second polypeptide migrating slightly higher than RT
and probably comigrating with the RR doublet (a second
band of extremely weak intensity was also visible on Figure
5A (RR)) where the electrophoresis conditions were slightly
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Figure 4. Nuclear export of 35S RNAs is inhibited in the absence of viral protein P5. WT/CA-rop2 Arabidopsis protoplasts were transfected pCaMV-GFP
(1), pCaMV-P6 STOP (2), pCaMV-P5/P6 STOP (3) or pCaMV-P5 STOP (4–8). In the three STOP plasmids (in light grey) one (for P5) or two (for P6)
STOP codons were introduced after the START AUG of viral proteins P5, P6 or both. In 5 to 8 (dark grey) pCaMV-P5 STOP was co-transfected with
a plasmid supplementing in trans with myc-P5 STOP (5), full-length myc-P5 (myc-P5 FL, 6), P5 protease domain (amino acids (aa) 1–201, P5 PR, 7)
or P5 reverse transcriptase/RNase H domain (aa 202–680, P5 RTRH, 8). At 20 hpt, the cytoplasmic-to-nuclear ratios (A) or the total levels (B) of 35S
mRNAs were determined by P4-specific real-time RT-PCR and normalized to four cellular housekeeping genes, GFP (transfection indicator for pCaMV-
P5 STOP) and mRFP (transfection indicator for the P5-expressing plasmids). Three independent experiments were performed in triplicate. The results
are expressed as the mean fold change ± SEM of the 35S RNA cytoplasmic-to-nuclear ratios (C/N) (A) or of the total 35S RNAs (B). Significance was
tested with a Student’s unpaired two-samples t-test (ns, not significant, P > 0.05, ** P < 0.01, *** P < 0.001). (C) Detection of P4, myc-P5 and EGFP (as
loading control, LC) 20 hpt by western blot with, respectively, anti-P4, anti-myc or anti-EGFP antibodies in protoplasts transfected with pCaMV-GFP
(1), pCaMV-P6 STOP (2), pCaMV-P5/P6 STOP (3), pCaMV-P5 STOP (4), pCaMV-P5 STOP + myc-P5 STOP (5), pCaMV-P5 STOP + myc-P5 FL (6),
or pCK-EGFP + myc-P5 FL, and corresponding, respectively, to bars 1 to 6 in (A). Positions of molecular size standards, in kilodaltons, are shown on
the left and on the right. The asterisks indicate the bands corresponding to P4 and to myc-P5 FL.
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Figure 5. Viral proteins P4 and P5 interact with MOS11 in vitro. In vitro translated and [35S] methionine-labelled viral proteins P3, P4 and P5
(FL: full-length, PR: protease domain (aa 1–200), RT: reverse transcriptase domain (aa 201–547), RH: RNase H domain (aa 548–680), RR: reverse
transcriptase/RNase H domains (aa 201–608)) and firefly luciferase (Luc) as control (A, autoradiography) were incubated with bacterially expressed and
glutathione bead-bound GST or GST-MOS11 (B, Coomassie blue staining). The inputs of P4, P5FL and P3 were subjected to a western blot with specific
anti-P4 antibodies (A, bottom). The beads were washed and the GST- and GST-MOS11 unbound (C, D) and bound (E, F) fractions were analysed by
SDS-PAGE followed by autoradiography after 24h exposure. The results are representative of four independent experiments. The inputs in (A) and (B)
represent 1/9 of the amounts used in the GST pull-down assay (C–E). 1/10 of the total unbound fractions were analysed by SDS-PAGE (C, E). LC: loading
control. Positions of molecular size standards, in kilodaltons, are shown on the left in (B) and on the right in (A), (D) and (F).

different). This observation was confirmed in all four GST
pull-down assays we performed (with various stringency
conditions, Supplementary Figure S5B, right panel), sug-
gesting that the interaction of full-length P5 with MOS11
might activate the P5 Nt protease domain, which then par-
tially cleaves itself but is not retained on the GST-MOS11
beads, unlike the second cleavage product generated, (RR),
which can still interact with MOS11. The cleaved PR pep-
tide was not recovered in the GST-MOS11 unbound frac-
tion, either because the analysed amounts were insufficient

to reveal its presence, or because, since it weakly interacts
with MOS11, and is in competition with FL and RTRH, it
was released during the extensive washing steps.

The in vitro interaction results indicate that two viral pro-
teins interact with nuclear export factor MOS11: P4 and P5,
via its RT domain. Capsid protein P4 harbours, close to its
N terminus, a nuclear localisation signal (NLS), which is
exposed on the surface of mature virions when the acidic
N-terminus (aa 1 - 77) is deleted (46). As MOS11 displays
an exclusively nuclear localisation in Arabidopsis (35,54),
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one could imagine that the interaction between P4 and
MOS11, observed in vitro, also occurs in vivo. However,
a critical point remained concerning the apparent inabil-
ity of full-length P4 to localise in the nucleus (46), neces-
sitating further investigations. The situation of P5 was even
more complex, since among all viral proteins, P5 remains
the least well-characterized and its nuclear localisation has
not been unambiguously confirmed, although Pfeiffer and
colleagues (75) described CaMV DNA polymerase activity
in infected nuclear extracts.

Both EGFP-tagged CaMV P4 and P5 proteins co-localise in
cell nuclei and interact with MOS11-mRFP

We addressed the subcellular localisation of P4 and P5 by
transfecting Arabidopsis protoplasts with plasmids express-
ing EGFP-P4 or EGFP-P5 under the control of a 35S pro-
moter and also performed co-transfections with a MOS11-
mRFP coding vector (Figure 6).

Because of its small size, EGFP (27 kDa) can enter nu-
clear pores; thus free EGFP is found in both the cyto-
plasm and nucleus in plant cells (76,77) (Figure 6B, pan-
els 1). As illustrated in Figure 6A, EGFP-P4 displayed
three main distribution patterns in transfected protoplasts:
1. forming numerous exclusively cytoplasmic aggregates of
different sizes (Figure 6A, line 4) as described by Kar-
sies et al. (46) for uncleaved P4 precursor; 2. forming one
or several cytoplasmic aggregates but also slightly accu-
mulating in the nucleus (6A, line 1); 3. forming cytoplas-
mic aggregates and strongly accumulating in the nucleus
(6A, lines 3 and 4). Under co-expression conditions with
strictly nuclear MOS11-mRFP (6B, panels 1; 6D, line 2)
the subpopulations of EGFP-P4 forming only cytoplas-
mic aggregates did not move to co-localise with MOS11-
mRFP (Figure 6B, panels 4). Conversely, those significantly
accumulating in the nucleus merged with MOS11-mRFP
but also remained as cytoplasmic aggregates (6B, panels 2
and 3).

To confirm that the observed green nuclear fluorescence
was due to the fusion protein EGFP-P4 and not to cleaved
EGFP, we performed fractionation experiments and west-
ern blotting with anti-EGFP polyclonal antibodies with the
cytoplasmic and nuclear fractions of the transfected pro-
toplasts (Figure 6E, left panel). As shown, three forms of
EGFP-P4 of approximately 60, 80 and more than 100 kDa,
were detected in both fractions. Similar observations have
been described for untagged P4 expressed in vitro and dur-
ing viral infection (e.g. 50,74,78). In our case, the uppermost
form probably corresponds to P4 dimers, also detected in
vitro (Figure 5A), whereas the middle and lower forms prob-
ably correspond, respectively, to the precursor and a pro-
cessed protein. P4, which is in fusion at its N-terminus with
EGFP, was probably processed at its C-terminus by cellular
proteases (74); the fluorescent tag must remain part of the
fusion protein since it allowed its detection.

Our combined results suggest that full-length P4, as ex-
pressed fused to EGFP, probably exists in two forms: a cy-
toplasmic subpopulation forming aggregates, which corre-
lates with its primary role of self-associating capsid protein,
and a second, ‘soluble’ subpopulation which shows a more
diffuse localisation pattern and can enter the cell nucleus

where it may interact with the nuclear export factor MOS11,
as it does in vitro.

Studying the subcellular localisation of P5 was also ex-
citing since minimal information is available about this
viral protein. Expressed in fusion with EGFP, P5 exhib-
ited a clear nucleo-cytoplasmic distribution with several
cytoplasmic aggregates (Figure 6C, line 1). Under co-
expression conditions nuclear EGFP-P5 perfectly merged
with MOS11-mRFP (Figure 6D, panels 1–3), suggesting
that the interaction between both proteins occurs in the nu-
cleus. Full-length EGFP-P5 was also detected by western
blot in both the cytoplasmic and nuclear fractions of the
transfected protoplasts (Figure 6E, middle panel).

Unlike P4, the presence of an NLS has not been de-
scribed for P5. The analysis of the P5 sequence with tools
predicting protein targeting to nuclei and NLSs (cNLS
Mapper (79) and Localizer (80)), highlighted that two adja-
cent motifs in the RT domain, between amino acids 276 and
305 (IKPSKSPHMAPAFLVNNEAEKRRGKKRMVV)
and between amino acids 308 and 339
(KAMNKATIGDAYNLPNKDELLTLIRGKKIFSS)
define two bipartite NLSs potentially responsible for a
typical nucleocytoplasmic localisation of the harbouring
protein, identical to the one we observed for EGFP-P5
(Figure 6C, D). To confirm the function of these NLSs,
we used the strictly cytoplasmic 120 kDa GFP-GUS
fusion protein (81) (Supplementary Figure S6A), to which
we added in cis, between GFP and GUS, P5 predicted
bipartite NLSs (either the first motif (NLS1, aa 276–305),
or the second (NLS2, aa 308–339) or both (NLS1+2, aa
276–339). Arabidopsis protoplasts were transfected with
the respective constructs, together with the one encoding
MOS11-mRFP that we used as a nuclear indicator (Supple-
mentary Figure S6B). Used individually (Supplementary
Figure S6C, D) or together (Supplementary Figure S6E),
the two P5 putative NLSs allowed GFP-GUS to move
into the nucleus, where it merged with MOS11-mRFP, in
the same way as the previously described bipartite NLS of
CaMV protein P6 (Supplementary Figure S6F) (81).

To provide additional evidence supporting the interac-
tions between MOS11-mRFP and EGFP-P4 or EGFP-P5,
we performed co-immunoprecipitations in the transfected
protoplasts, with immunocapture of the EGFP-tagged viral
proteins and controls (Figure 6F, right panels). Again, we
observed the typical P4 in vivo expression pattern compris-
ing three bands of > 100, >70 and > 55 kDa. Importantly,
MOS11-mRFP could be co-precipitated with EGFP-P5
and EGFP-P4 but not with the controls (EGFP and mock)
(Figure 6F, left panel) suggesting that the in vitro observed
interactions also occur ex vivo.

The leader region of CaMV 35S RNAs is an export-
enhancing element

To seek a potential cis-acting element on 35S RNA we per-
formed competition assays for the nuclear export machin-
ery between CaMV 35S RNAs and shorter RNA fragments
(289 to 865 nt) corresponding to the 35S 5′ end (nt 1–3000)
or to its 3′ UTR (Figure 7A).

For this purpose, Arabidopsis protoplasts were co-
transfected with pCaMV-GFP and an eight-fold molar
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Figure 6. EGFP-P4 and EGFP-P5 both co-localise and interact with nuclear MOS11-mRFP. WT/CA-rop2 Arabidopsis protoplasts were transfected (or
co-transfected) with (A, E) pCK-EGFP-P4, (B) pCK-EGFP + Litmus-35S-MOS11-mRFP or pCK-EGFP-P4 + Litmus-35S-MOS11-mRFP, (C, E) pCK-
EGFP-P5 (line 1) or Litmus-35S-MOS11-mRFP (line 2) and (D) pCK-EGFP-P5 + Litmus-35S-MOS11-mRFP. Observations of EGFP and mRFP fusion
proteins were made 20 hpt by LSCM. The LSCM settings and acquisition conditions of the images were identical in all panels. In (B) and (D) panels 1 to 4,
and 1 to 3, respectively are projections while all other images show single sections. G: EGFP; R: mRFP; M: merge; D: differential interference contrast (DIC)
images that indicate the localisation of chloroplasts and nuclei. Scale bars: 5 �m. In (E) the pCK-EGFP-P4 or pCK-EGFP-P5 transfected protoplasts were
subjected to nucleocytoplasmic fractionation and analysed by western blotting for the presence of full-length EGFP-P4, EGFP-P5, cytoplasmic UGPase
and nuclear H3. LC: loading control. Interaction of fusion proteins EGFP-P4 and EGFP-P5 with MOS11-mRFP was analysed in transfected protoplasts
by co-immunoprecipitation (F) with anti-EGFP magnetic beads. Pulled-down proteins were detected by western blot with anti-EGFP and anti-mRFP
antibodies. Positions of molecular size standards in kilodaltons are shown on the left in (E) and (F).
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Figure 7. Co-expression of 5′UTR inhibits the nuclear export of 35S RNAs. (A) Structure of the capped and polyadenylated 35S RNA: the 5′ UTR (or
leader (L) in red), 608 nt long, folds into a stable multibranched stem–loop (SL), and precedes the 7 ORFs (VII, I, II, III, IV, V and VI) and the 3′ UTR
(nt 7,928–8,216). The five RNA fragments used in the competition assays and overlapping the leader and ORF VII (L–VII), ORF I and II (I–II), ORF
II, III and IV (II–IV) and the 3′ UTR are shown with double-headed arrows. The position of the primer (tRNAMeti) binding site (PBS, nt 596–609) is
indicated by a black arrow. The coat protein P4 binding site is shown with a black circle. (B) to (E) WT/CA-rop2 Arabidopsis protoplasts were transfected
with pCaMV-GFP (black), or co-transfected with pCaMV-GFP and a 10-fold molar excess of Litmus-mRFP-35S-(L–VII) (light grey), Litmus-mRFP-
35S-(I–II), Litmus-mRFP-35S-(II–IV) or Litmus-mRFP-35S-(3′UTR) (dark grey). At 20 hpt, the cytoplasmic-to-nuclear ratios (B) or the total levels (C)
of 35S mRNAs were determined by P5-specific real-time RT-PCR and normalised to a set of four cellular housekeeping genes, GFP (transfection indicator
for pCaMV-GFP) and mRFP (transfection indicator for the RNA fragments expressing plasmids). Three independent experiments were performed in
triplicate. The results are expressed as the mean fold change ± SEM. Significance was tested with a Student’s unpaired two-sample t-test (** P < 0.01).
(D) Detection of the five competition RNA fragments by RT-PCR in total RNA fraction, with primers specific to their common short 5′ and 3′ sequences:
(L–VII): 765 bp, (VII–I): 674 bp, (I–II): 865 bp, (II–III): 696 bp and (3′ UTR): 289 bp. (E) PCR positive controls, directly amplified with the same primers
from the respective Litmus-mRFP-35S plasmids. Positions of molecular size standards, in bp, are shown on the left.

excess of Litmus-mRFP-35S plasmid encoding one of the
five short RNA fragments: (i) RNA L–VII corresponding
to nt 1–765 of 35S RNA and encompassing the 5′ UTR, or
leader, and the first 157 nt of ORF VII; (ii) RNA VII–I (nt
766–1439) overlapping ORFs VII and I; (iii) RNA I–II nt
(1440–2304) overlapping ORFs I and II; (iv) RNA II–IV
(nt 2305–3000) overlapping ORFs II, III and IV and (v) 3′
UTR corresponding to the terminal nt 7928–8216 (Figure
7A). Total RNAs were then isolated from nuclear, cytoplas-
mic or total fractions, and 35S RNAs were quantified by
real-time RT-PCR (Figure 7B, C).

While the co-expression of RNAs VII–I, I–II, II–IV or
of the 3′ UTR did not significantly influence the nuclear
export of 35S RNAs, that of the L–VII fragment induced
a strong nuclear retention of 35S viral RNAs (Figure 7B),
suggesting a possible hijacking of the export machinery by
the overexpressed RNA fragment. This mainly corresponds
to the 35S leader region, and was detected by RT-PCR in
total RNA fractions of transfected protoplasts, as for the
four other RNA fragments (Figure 7D, E). The total 35S
RNAs accumulation was unaffected by the co-expression
of any of the RNA fragments (Figure 7C), indicating
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that transcription efficiency was not modified under these
conditions.

The L–VII RNA fragment (Figure 7A) that we propose
to target the nuclear export machinery, contains in 5′ a 74-
nt unstructured sequence harbouring a short ORF (sORF
A, nt 57–68), which is essential for ribosome shunting dur-
ing translation (82). It is followed by a stable helical section
of a large stem-loop secondary structure of 482 nt (83) con-
taining five additional sORFs (for the Cabb B-JI isolate) but
also the poly(A) signal and the first splicing donor (SD) site
located, respectively, on the ascending and descending arms
of a middle section of the stem-loop structure (84). The 35S
pregenomic RNA packaging signal that interacts with the
P4 coat protein is exposed on the uppermost section of the
stem-loop structure (nt 288–355) (85). The 209 nt follow-
ing the stem-loop and preceding ORF VII are probably un-
structured and end with the tRNAMeti primer binding site
(PBS) (nt 596–609), where the P5 RT is loaded (86).

To further investigate whether some sections of the L–VII
fragment are more specifically involved in the nuclear ex-
port, we split the sequence into eight different sections (Sup-
plementary Figure S7C, upper part): the stem–loop (SL),
its left (SL Left) and right (SL Right) arms, the bottom
(SL Bottom) and top (SL Top) sections, the 5′ (L 5′) and 3′
ends (L 3′) of the leader, and the single-stranded sequence
preceding ORF VII (SS 3′). The respective plasmids were
then co-transfected, together with pCaMV-GFP, in proto-
plasts, and the nuclear export of 35S RNAs was analysed
as previously described (Supplementary Figure S7A). The
important nuclear retention of 35S RNAs was confirmed in
this assay. Moreover, to a lesser extent, a significant inhibi-
tion effect was observed only with the co-expression of the
SL.

These results suggest that two elements might be recog-
nised by the export machinery, the highly structured SL
and an additional element located at sequences upstream or
downstream. Disrupting the SL structure in separate arms
(SL Left with the poly(A) signal, and SL Right with the SD
site) or expressing only sections of it (SL Bottom, SL Top
with the packaging signal, L 5′, L 3′ and SS-3′ both con-
taining the PBS) completely abolished the competition for
the export proteins, between these short RNA fragments
and the 35S RNAs that were here efficiently exported into
the cytoplasm (Supplementary Figure S7A). The total 35S
RNA accumulation was again unchanged by the expression
of these additional RNA fragments (Supplementary Figure
S7B), detected in transfected protoplasts by RT-PCR (Sup-
plementary Figure S7C, D).

To further confirm that the 5′ NTR of CaMV is involved
in nuclear export, we used an unspliced reporter RNA as-
say (87). The reporter RNA contains the luciferase cod-
ing sequence within an inefficiently spliced intron derived
from the HIV-1 env gene and harbours, besides the ineffi-
cient splice donor and acceptor sites, the Rev response ele-
ment (RRE) (Figure 8A). In human cells, the few spliced
RNAs are exported but lose the luciferase gene. The un-
spliced RNA still has the luciferase sequence but is actively
retained in the nucleus and does not allow luciferase expres-
sion either. To adapt the reporter RNA, we placed the env-
luciferase-RRE expression cassette under the control of the
CaMV 35S promoter and the NOS terminator, and cloned

within the RRE either (i) the CaMV 5′ UTR (L–VII) or (ii)
a mutated variant (L–VIImut), in which the inefficient splice
donor site D4 (nt 481–482) and the cryptic Db (nt 456–457)
(49) were inactivated or (iii) the 35S (I–II) fragment, or (iv)
the CTE of MMPV (Figure 8A). The resulting plasmids
were transfected in WT or TREX mutant Arabidopsis pro-
toplasts and luciferase activity was measured at 20 hpt. Lu-
ciferase was expressed even with the original Luc-RRE con-
struct (Figure 8B, white bars), at different levels in WT or
TREX mutants, indicating that, unlike in human cells, the
unspliced reporter RNA is exported in Arabidopsis. This re-
sult can be explained by the fact that intron retention (IR) is
the most prevalent alternative splicing event in plants, with
observed frequencies as high as 64% in Arabidopsis, and
that IR transcripts often escape nonsense-mediated decay
(NMD), and are exported into the cytoplasm (88). The ad-
dition of the WT or mutant CaMV 5′ UTR (Figure 8B) sig-
nificantly increased the luciferase activity both in WT and
in TREX mutant Arabidopsis. The detection of the differ-
ent reporter RNAs by RT-PCR (Figure 8C) shows that both
their total amounts and splicing were unaffected, since only
the unspliced isoforms (>2700) were amplified. This sug-
gests that the enhanced luciferase activity was probably due
to an enhanced nuclear export of its mRNA. Conversely, in
the presence of 35S RNA fragment (I–II) or the CTE, the
luciferase activity was lower, indicating that the RNA ex-
port was less efficient and that the MPMV CTE is probably
not functional in plants.

Our combined results demonstrate that the 5′ UTR of
35S RNA, and particularly its stable SL secondary struc-
ture, behaves as an export-enhancing element that might
be recognised by the export proteins. Therefore, we inves-
tigated whether this region can effectively interact with
some RNA-binding proteins of the TREX complex, such
as ALY1, ALY3 (32) or MOS11 (54).

MOS11 and export adaptors ALY1 and ALY3 can interact
with CaMV 35S RNA in vitro

It was shown that both MOS11 (54) and ALY1 (32) bind
in vitro 25-nucleotide RNA duplexes and single-stranded
RNAs. We investigated whether these proteins would also
interact with the complex secondary structure of the 35S
RNA leader region, which folds into a large stem inter-
rupted by several loops, short hairpins and four side stems
(83,89).

To test the putative RNA-protein interactions, we per-
formed in vitro binding EMSA assays with RNA L–VII
(765 nt) and I–II (865 nt), produced and radiolabelled in
vitro (Figure 9A), and ALY1, ALY3, MOS11 or EGFP
(as control), all expressed in bacteria and affinity-purified
(Figure 9B and Supplementary Figure S8). Both ALY1,
ALY3 and EGFP were His6-tagged and expressed fused
to the GB1 polypeptide to increase protein solubility in
E. coli (32).

In the presence of 10 or 20 �M of the control pro-
tein His6-GB1-EGFP, the electrophoretic mobility of nei-
ther RNA L–VII nor RNA I–II was reduced (Figure 9C),
demonstrating that this protein, harbouring the same tags
as ALY1 and ALY3, does not interact with any of the 35S
RNA fragments. On the contrary, increasing amounts of
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Figure 8. The 5′ UTR of CaMV 35S RNA enhances the nuclear export of a reporter luciferase mRNA. (A) Schematic representation of the Luc-RRE
reporter and the resulting constructs obtained by cloning of 35S RNA fragments L–VII, L–VIImut (the two red asterisks show the positions of the two
mutated splice donor sites Db and D4) and I–II, and MPMV CTE in the BstAPI restriction site (p35S: 35S RNA promoter, Env: HIV-1 ENV coding
sequence, Luc: firefly luciferase, RRE: REV response element, NOSt: NOS terminator, SD: splice donor site, SA: splice acceptor site). (B) WT/CA-rop2,
mos11, aly1 aly2 and aly3 aly4 protoplasts were transfected with the above described reporter plasmids and 20 hpt luciferase activities (RLU: relative light
units) were measured in triplicate in three different experiments, normalised to the transfection efficiency by assaying for mRFP fluorescence and averaged.
Significance was tested with a Student’s unpaired two-sample t-test (ns, not significant, P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001). (C) The reporter
mRNAs expression in the transfected protoplasts was analysed by RT-PCR with specific primers, the position of which is indicated by black arrows in (A).
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Figure 9. CaMV 35S RNA can bind ALY1 and MOS11 in vitro. (A) 35S RNA fragments L–VII and I–II were in vitro synthesised by T7 RNA polymerase,
labelled with [�-32P]-UTP, and analysed by denaturing agarose electrophoresis. (B) ALY1 and EGFP (as control), and MOS11 were expressed in E. coli
as GB1-His6 (ALY1 and EGFP) or GST (MOS11) fusion proteins, purified by affinity chromatography, and examined by SDS-PAGE. (C) EMSA with ≈
5000 cpm L–VII or I–II RNA and 0, 10 or 20 �M purified His6-GB1-EGFP, analysed by non-denaturing electrophoresis and autoradiography. EMSA
with ≈ 5,000 cpm RNA L–VII (D, F) or I–II (E, G) and increasing amounts (0 to 20 �M) of purified ALY1-GB1-His6 (D, E) or MOS11 (F, G), analysed by
non-denaturing electrophoresis and autoradiography. Positions of molecular size standards in nt (A) or kDa (B) are shown on the left and right, respectively.

ALY1-GB1-His6 (0–20 �M) progressively reduced RNA
L–VII migration (Figure 9D): compared to free RNA L–
VII (0 �M ALY1), the band-shift occurred in the presence
of 5 �M ALY1, and its intensity increased at 10, 15 and
20 �M protein suggesting that ALY1 interacts with RNA
L–VII and that multiple copies of the proteins are progres-
sively loaded on the 765 nt long fragment. Since RNA L–
VII is composed of 5′ and 3′ unstructured sequences (74
and 209 nt, respectively), and the 482 nt SL, it is proba-
ble that ALY1 interacts with both structured and unstruc-

tured RNA sections, forming increasingly larger ribonucle-
oproteins, the migration of which is progressively shifted.
This observation is consistent with the results of Pfaff et al.
(32) who demonstrated that Arabidopsis ALY1 behaves as
a typical RNA-binding protein that interacts via its central
RNA recognition motif (RRM) with both single-stranded
(ss) and double-stranded (ds) RNA, and even with ssDNA.
However, it exhibits a preference for ssRNA. The RRM
alone binds weakly, and binding is strongly enhanced by the
termini, particularly the N-terminus (32).
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Consistent with these findings, it is unsurprising that we
observed almost the same gel-shift of RNA I–II in the pres-
ence of increasing amounts (0 to 20 �M) of ALY1 (Figure
9E), starting, as for L-VII, at 5 �M protein. Although un-
necessary for 35S RNA nuclear export, this RNA interacted
with export adaptors ALY1, as did the cis-acting fragment
L–VII.

We also tested ALY3 for its ability to interact with 35S
RNA, since Pfaff et al. (32) had shown that ALY1 and
ALY2 (54% amino acid sequence identity) as well as ALY3
and ALY4 (70% amino acid sequence identity) share a
high degree of sequence similarity, whereas the similarity
of ALY1/2 versus ALY3/4 is clearly lower (less than 42%
amino acid sequence identity). Moreover, ALY3 and ALY4
are strongly enriched in nucleoli, whereas ALY1 and ALY2
are clearly less prominent in nucleoli relative to the nucleo-
plasm. As shown in Supplementary Figure S8, ALY3 also
binds to both the L–VII and I–II RNA fragments but with
less affinity, since the single band-shifts only occurred with
15 and 20 �M ALY3 for the L–VII RNA and with 20 �M
ALY3 for the RNA I–II.

We observed the same RNA-binding properties of ALY1
and ALY3 towards a CaMV-unrelated but also highly struc-
tured RNA, the HIV-1 RRE element (87) (data not shown).
Together, these results demonstrate that the ALY adaptor
proteins can interact with complex secondary structures.

MOS11 RNA-binding was markedly different. As shown
(Figure 9F), MOS11 associated with the 35S L–VII RNA
fragment in a concentration-dependent manner. However,
contrary to ALY1, RNA migration was not further decel-
erated while increasing the protein concentration (10 to 20
�M). This observation suggests that MOS11 cannot inter-
act randomly, as does ALY1, with several binding sites on
the 765 nt long L–VII RNA.

Moreover, MOS11 did not associate with the I–II RNA
fragment (Figure 9G), which, according to mfold (90),
is presumably lacking a stable secondary structure. These
findings can be correlated with previous work, which
showed that this RNA-binding protein associates better
with dsRNA than with ssRNA (54), further suggesting that
MOS11 preferentially interacts with the 482 nt SL of the
35S RNA leader region.

DISCUSSION

Host cellular machineries play indispensable roles in virus
life cycles. Among them is the nuclear export machinery that
allows mRNAs to reach the cytoplasm to be translated. The
export receptor TAP, which is conserved in yeast and meta-
zoans (91), does not exist in Arabidopsis, despite the TREX
adaptor complex being conserved in plants. The main role
of this TREX complex is to recognise and interact with
cargo mRNAs before recruiting the exportin proteins.

In this study, we described for the first time the mecha-
nisms used by a plant virus, CaMV, to export its 35S mR-
NAs out of the nucleus. We demonstrated that this export is
mediated by the TREX complex and involves the THO sub-
unit and splicing factor TEX1 (54), together with MOS11
(35,54) and the ALY adaptor proteins (32). In mutant pro-
toplasts, deficient for the expression of one or more of the
export factors, 35S RNAs were retained in the nucleus. This

export inhibition explains the partial resistance of the re-
spective Arabidopsis mutants to CaMV infection.

It has been shown that, among the six THO components
(HPR1, THO2, TEX1, THO5–7), TEX1 and HPR1 are re-
quired for efficient cellular mRNA export in Arabidopsis
(54,92,93). However, in our experiments, CaMV 35S RNA
nuclear export was unaffected in the single mutant tex1, as
well as in hpr1 or tho6 protoplasts, and the respective mu-
tant plants displayed the same susceptibility to CaMV (data
not shown). These results suggest that the particular com-
position and assembly of the THO core are probably less
important for the export of viral mRNAs than of cellular
mRNAs and that differences exist in the TREX-dependent
export of these different mRNA populations.

The export adaptor MOS11 proved essential for 35S
RNA export, because nuclear export was reduced by al-
most 50% in the absence of this protein. This observa-
tion is consistent with the strong nuclear retention of cel-
lular mRNAs described for mos11 plants (54), and, like
for cellular mRNAs, the export inhibition of 35S RNA
increased in the double mutant mos11 tex1. One can
imagine that TEX1 enhances the effect of MOS11 and is
important for CaMV because of its role in splicing: TEX1
interacts with several splicing factors and co-localises in a
speckled pattern in the nucleoplasm with SR proteins, and
its absence in tex1 and tex1 mos11 mutants is responsible for
quantitative changes in alternatively spliced transcript vari-
ants (54). According to these findings, it cannot be excluded
that in the absence of TEX1, CaMV 35S splicing is modi-
fied leading to the accumulation of viral RNA isoforms that
are better retained in nuclei of tex1 mos11 protoplasts. How-
ever, when examining by RT-PCR the splicing profile of 35S
RNA in tex1 single and double mutants, we did not detect
significant differences: the four spliced and the unspliced
isoform were present at levels comparable to those in WT
protoplasts (data not shown). This suggests that the poten-
tiating effect of TEX1 on export is not linked to splicing and
the mechanism thus requires further clarification.

The most important proteins for CaMV 35S RNA nu-
clear export are ALY1–4, since the export was strongly in-
hibited in aly1 aly2 and aly3 aly4 double mutants, and es-
pecially in the 4xaly quadruple mutant, where this inhibi-
tion exceeded 90%. Consistent with this observation, 75%
of 4xaly plants displayed resistance to CaMV infection.

All ALYs are ubiquitously expressed in vegetative tissues
but display different subnuclear localisations. ALY3 and
ALY4 are present at higher levels in nucleoli than ALY1
and ALY2 (32). Considering the disruption in viral mRNA
export in both ALY double mutants, it is surprising that
these plants did not show more resistance to CaMV. Our
results suggest that there must be a functional compensa-
tion in planta for the lack of ALYs by the two other ALY
paralogues in each case. It is also surprising that, despite
the strong indisputable role of ALYs in viral and cellular
mRNA export, 4xaly plants are severely affected but still vi-
able and not completely resistant to CaMV infection. Con-
versely, yeast cells lacking Yra1, the orthologue of ALY, are
not viable (94,95). These findings can be explained with the
recently demonstrated existence, in Arabidopsis, of two ad-
ditional ALY functional homologues, the UAP56 interact-
ing export factors UIEF1 and 2, which can also bind RNA
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(33). The 2xuief double mutant displays only modest growth
defects and is mildly affected in nuclear mRNA accumula-
tion. However, the sextuple 4xaly 2xuief mutation, without
markedly exacerbating 4xaly growth and reproductive de-
fects, significantly enhances the nuclear mRNA accumula-
tion compared to 4xaly plants (33). It would therefore be of
interest to investigate 35S RNA nuclear export in this newly
generated mutant, as well as its susceptibility to CaMV in-
fection. We would expect an almost complete inhibition of
both, considering the results we obtained in 4xaly plants.
Another possibility may be the involvement of shuttling SR
proteins that act as adaptors in other organisms (24).

The involvement of the TREX complex in the nuclear ex-
port of viral mRNAs is unsurprising, since TREX is part
of the major export pathway of TAP/p15 transporters that
are hijacked by many viruses in mammals, such as simple
and complex retroviruses (96–101) and DNA viruses such
as adenoviruses (102,103), herpesviruses (41,104,105) and
HBV (106–108). Among these viruses, many use a specific
and generally multifunctional viral protein that interacts
both with viral mRNAs and with one or several export fac-
tors and thus recruits the export machinery. Herpesviruses
ICP27/ORF57 proteins, for example, can associate with the
TAP transporter (109), ALY (40), UIF (42) and CIP29 (43).

Therefore, it was interesting to find that for CaMV, at
least one viral protein, PR/RT P5, is important for viral
mRNA export, as demonstrated in protoplasts transfected
with a mutated pCaMV-GFP, in which all viral proteins
or (at least) P5 cannot be produced. In these protoplasts
the 35S RNAs were massively sequestrated in the nucleus.
This export deficiency was efficiently rescued in trans by full-
length P5 but not by its individual functional PR or RTRH
domains.

To our knowledge, the involvement of RTs in the nuclear
export of viral mRNAs has not been described for retro-
viruses or pararetrovirus HBV. However, the involvement of
viral RNA-dependent RNA polymerases was demonstrated
for influenza A virus (IAV), the heterotrimeric polymerase
of which recruits cellular helicase DDX19 (also known as
DBP5) on viral mRNPs to enhance their nuclear export
(110). It was also recently shown that the same polymerase,
especially its PB1 and PB2 subunits, recruit cellular RNA
helicase eIF4A3, which is part of the EJC, to promote viral
mRNA splicing and nuclear export of the spliced mRNAs
(111).

The role of P5 in nuclear export can be easily understood
when considering several previous findings. As genome en-
capsidation probably occurs during reverse transcription of
35S unspliced (pregenomic) RNA (112,113), at least three
copies P5 must be present inside the virions (114), which
are required to perform the negative-strand synthesis and
the discontinuous synthesis of the positive-strand DNA
(86,115). After capsid dissociation on nuclear pores, some
capsid and P5 proteins are probably imported into the nu-
cleus in association with the viral genome. Pfeiffer et al. (75)
also described an increase in a DNA polymerase of ca. 75
kDa, present in infected turnip nuclear extracts. During the
viral life cycle, P5 together with P6, which is independently
expressed from its 19S RNA, and P1 synthesised from un-
spliced 35S RNAs, accumulate early in turnip protoplasts
(116). This observation is surprising considering that the

main functions of P5 (genome replication and capsid mat-
uration) occur late in the viral cycle, and suggests other
potentially early role(s) for P5. Therefore, we investigated
whether P5, important for viral mRNA export, can interact
with export factors. We demonstrated by GST pull-down
assays, that P5, and especially its central RT domain, asso-
ciates with MOS11 in vitro.

In the same GST pull-down experiments, we found that
a second viral protein, P4, probably unprocessed and as
a dimer, interacts with MOS11 in vitro. This interaction
suggests that P4 is also involved in TREX-mediated viral
mRNA export. The simultaneous absence of P5 and P4 in
protoplasts transfected with pCaMV-GFP-P6 STOP could
explain the strong nuclear retention of 35S RNA. In mam-
mals, the HBV core protein involvement in the nuclear ex-
port of some viral mRNAs by direct loading, not of CIP29
but of transporter TAP/p15, was described (117).

CaMV coat proteins that are proteolytically matured (by
P5 and unidentified cellular proteinases) to remove N- and
C-termini, can enter the nucleus via their Nt NLS, which
becomes accessible only on cleavage (46). However, us-
ing EGFP fusion proteins, we observed that not only full-
length P4 protein but also uncleaved P5, in which we dis-
covered two functional bipartite NLSs, displays a nucleo-
cytoplasmic distribution, with typical cytoplasmic aggre-
gates coherent with the cytoplasmic functions of both pro-
teins. Additionally, they perfectly co-localised with MOS11-
mRFP in the nucleus. This nuclear co-localisation and the
related co-immunoprecipitation assays suggests that the
physical interaction observed in vitro between the two vi-
ral proteins and the export factor occurs in the nucleus and
promotes the nuclear export of viral mRNAs.

We finally investigated the presence of potential cis-acting
elements in the 35S RNAs that are important for the load-
ing of the export machinery. We demonstrated by compe-
tition experiments and reporter RNA assays in protoplasts
that an RNA fragment corresponding to the 5′ leader region
followed by the first third of ORF VII (L–VII) efficiently
outcompetes full-length viral RNAs for export factors and
enhances the nuclear export of a reporter RNA. The over-
expression of the highly structured SL of the leader (83),
which harbours several important elements, such as five reg-
ulatory sORFs, the conditional poly(A) site, the coat pro-
tein P4 binding site and the first splice donor site D4, and
which is bypassed during translation by ribosome shunting
(82), also inhibited viral RNA nuclear export but to a lesser
extent. This observation suggests that the short 5′ and/or
the longer 3′ regions that flank the SL are important for ex-
port. Consistent with our previous results on the role of P5,
we can expect that this additional cis-acting element is the
tRNAMeti PBS, which precedes ORFVII and where P5 is
loaded on 35S RNA (86).

Finally, we showed that the RNA-binding adaptors
ALY1 and ALY3 (32) can interact, probably without speci-
ficity, with the 35S RNA 5′ leader (L–VII) and/or with
a downstream coding sequence (I-II) unrelated to export.
Most important, however, was the observation that MOS11
preferentially interacts with the structured 35S RNA leader
but not with the I–II control RNA, consistent with previ-
ous work showing that this RNA-binding protein associates
better with dsRNA than with ssRNA (54). One can imag-
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ine that the TREX complex can be further preferentially en-
riched on the 35S 5′ secondary structure by the interactions
existing between MOS11, P4 loaded on its binding site on
the top of the SL, and/or P5 recruited to the downstream
located PBS, in the presence or absence of tRNAMeti primer.

Based on the results presented in this study, we can pre-
dict the following model for CaMV 35S mRNA nuclear
export. When the viral DNA is released from the virion
into the nucleoplasm, host DNA repair enzymes repair the
gaps left by RT during the previous replication cycle to cre-
ate covalently closed molecules. This closed viral DNA is
then transcribed by Pol II into pregenomic polycistronic
35S RNA, 70% of which is alternatively spliced, and into
subgenomic 19S RNA, which is the mRNA for the viral
protein P6. The unspliced 35S RNA and three out of the
four spliced isoforms contain the highly structured 5′ leader,
whereas the last isoform and 19S RNA do not. During the
first round of viral transcription only a few copies of coat
protein P4 and RT P5 are present in the nucleus. Thus, a
first minimal round of nuclear export might occur, during
which TREX complexes might be loaded on viral mRNAs
mainly by CBCs and EJCs, probably more efficiently on the
leader-containing mRNA species than for the others, which
can be considered as regular cellular mRNAs. In the cy-
toplasm, these mRNAs are then translated, and viral pro-
teins progressively accumulate. P5 polyprotein and P4 coat
precursor enter the nuclei via their NLSs. There, they bind
their respective recognition sites on the leader-containing
35S RNAs and, interacting with MOS11, might promote
the recruitment of TREX and enhance the nuclear export
of these viral RNAs.
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